The sharp and broad electron spin resonance ͑ESR͒ signals from nanocomposites of conducting polypyrrole ͑PPy͒ with inorganic Na ϩ -montmorillonite ͑MMT͒ clay were simultaneously observed. The decomposed linewidths (⌬H P-P ) of the sharp and broad ESR peaks of the nanocomposites at room temperature were 0.44 G and 21 G, respectively. However, we observed one broad ⌬H P-P (ϳ12 G) for the conducting PPy without the Na ϩ -MMT clay. From the analyses of the observed ESR signals, we propose that the narrow ⌬H P-P originates from the weak spin-orbit interaction of the intercalated nanolayers of the nanocomposites, while the broad ⌬H P-P originates from the bulky conducting PPy on the outside of the clay particles. The thermogravimetric and differential scanning calorimeter results showed that intercalation in the nanocomposites induced the thermal stability. Coulomb interactions between the positively charged polymers of the intercalated nanolayers and the negatively charged surface of the clay play an important role in the sharp ESR signal and the enhanced thermal stability.
I. INTRODUCTION
Nanocomposites of insulating polymers, such as polystyrene and nylon with inorganic clays or nanoparticles, have attracted a great deal of attention for enhancing both the mechanical strength and thermal stability of the systems. 1, 2 The enhanced mechanical strength and thermal stability of the nanocomposites might be due to the intercalation of the polymer between the clay layers or an attraction between the polymer and the nanoparticles. Nanocomposites of conducting polymers and inorganic materials can be used for the electroheological ͑ER͒ fluids, 3 or corrosion protection, 4 which are composed of a suspension of microsized semiconducting or conducting particles in an insulating fluid. The interaction between the intercalated polymer and the clay layers in nanocomposite systems has not been systematically studied.
Montmorillonite ͑MMT͒ clay has been widely used as an inorganic material for insulating or conducting polymer nanocomposites due to its small particle size ͑Ͻ10 m͒ and ease of intercalation. The increase in the interlayer spacing that occurs with the swelling of the MMT clay in water is large enough to be penetrated by relatively large-sized molecules. 5 The chemical structure of MMT clay was reported earlier. 6 Its lamella is constructed from an octahedral alumina sheet sandwiched between two tetrahedral silica sheets, and it bears a net negative charge on the surface of the layers. Cations, such as Na ϩ or Ca 2ϩ , are adsorbed on the surface to compensate for the net negative charge. Organophilically charged clay layers by surfactants play an important role for the intercalation. 7 The results of x-ray diffraction ͑XRD͒ and tunneling electron microscopy ͑TEM͒ for the conducting PPy ͑polypyrrole͒-DBSA ͑dodecylbenzene sulfonic acid͒/clay nanocomposites were previously reported, in which the formation of a nanolayer (thicknessХ5 Å) of conducting PPy-DBSA between the clay layers was confirmed. 8 From the results of the dc conductivity ( dc ) and magnetic susceptibility experiments, the PPy-DBSA/clay nanocomposites were demonstrated to be more insulating than the PPy-DBSA sample without the clay.
This study reports the effect of the intercalation in the PPy-DBSA/clay nanocomposites on the electron spin resonance ͑ESR͒ signal and thermal stability. The sharp ESR peak of the nanocomposites was simultaneously observed with the broad ESR peak. We suggest that the sharp ESR signal originated from the weak spin-orbit interaction of the well-ordered and intercalated nanolayers of the system. In the nanocomposites, Coulomb interactions between the positively charged polymer backbone of the intercalated conducting polymer nanolayer and the negatively charged surface of a͒ Author to whom correspondence should be addressed; electronic mail: jjoo@korea.ac.kr the clay layers enhanced the order of the nanolayers for the sharp ESR signal and thermal stability.
II. EXPERIMENT
Powder forms of the PPy-DBSA nanocomposites with the Na ϩ -MMT clay were synthesized using the inverted emulsion polymerization method. The ratio of the clay was 15 wt % in the composite of the pyrrole monomer and clay. The Na ϩ -MMT ͑Southern Clay Product, USA͒ in the aqueous medium was prepared and then sonicated using an ultrasonic generator. The DBSA, which was used as an emulsifier ͑surfactant͒ and dopant, was dissolved in iso-octane ͑900 g͒ at a molar ratio of DBSA to one pyrrole monomer ͑8 M͒. The detail synthesis of the PPy-DBSA/clay nanocomposites was reported earlier. 8 It should be noted that the PPy-DBSA samples without the clay were synthesized by the same inverted emulsion polymerization method.
The ESR signals were obtained by using a Bruker ESP300 spectrometer ͑X band͒ from 4 K to room temperature ͑RT͒. The powder samples were placed in an ESR tube ͑Wilmad 707, USA͒ and pumped to Ͻ10 Ϫ5 Torr using a diffusion pump in order to eliminate the moisture and oxygen effect. The g value was calibrated against a Li-LiF crystal. The thermogravimetric analysis ͑TGA͒ experiments were performed by using a TGA 2060 ͑TA Instrument, USA͒. The thermal stability of the systems was also examined by differential scanning calorimeter ͓͑DSC͒ 2010, TA Instrument, USA͔ experiments.
III. RESULTS AND DISCUSSIONS
The nanolayers of conducting PPy in the nanocomposites were identified through the results of XRD experiments and TEM images as shown in Fig. 1 , which was previously reported. 8 The peak at ϳ9°in Fig. 1 corresponds to the periodicity in the direction of ͑001͒ of the clay samples. We observed the shift of the ͑001͒ peak due to the intercalation of PPy-DBSA material between the clay layers. The variation of d spacing in the ͑001͒ direction was ϳ5 Å, which was the thickness of the nanolayer. This result demonstrates the intercalation of conducting PPy materials between the clay layers, and the size of the conducting PPy layer is in the order of nanoscale. The inset of Fig. 1 shows the TEM photographs of PPy-DBSA/clay samples. The black lines in the inset of Fig. 1 represent the cross section of the clay layers. We observed the patterns of the stripe in nanoscale, which indicates the intercalation of PPy-DBSA into the clay layers.
Figures 2͑a͒ and 2͑b͒ compare the ESR signals of the PPy-DBSA and the PPy-DBSA/clay samples at RT, respectively. For the PPy-DBSA without the clay, we observed one broad ESR peak at the center of the magnetic field, as shown in Fig. 2͑a͒ . However, the sharp and broad ESR peaks for the PPy-DBSA/clay samples were simultaneously observed, as shown in Fig. 2͑b͒ . It should be noted that the ESR signal was not observed for the clay sample itself. From the wide x-ray photoelectron spectroscopy scan of both systems, any magnetic impurities were not observed for the sharp ESR signal. The detected ESR signal as a function of magnetic field can be described as
for the Gaussian line shape, and as
for the Lorentzian line shape. The composite signal can be
Here, the y m Ј and H 0 are the maximum amplitude and the central field of the signal, respectively. As shown in Fig. 2͑c͒ , the mixed signal with sharp and broad ESR peaks in the nanocomposite samples was decomposed into three subsignals. The decomposed line noted as line A in Fig. 2͑c͒ corresponding to the sharp ESR peak of the original signal was decomposed by a Gaussian line shape, while that noted as line B in Fig. 2͑c͒ corresponding to the broad ESR peak was well fitted to a Lorentzian line shape. A Gaussian line shape originates from an inhomogeneous hyperfine interaction and a dipole-dipole interaction between localized spins, fitting to a onedimensional ͑1D͒ signal. 10 On the other hand, a Lorentzian line shape originates from a three-dimensional spin exchange motion. 10, 11 The decomposed line noted as line C in Fig. 2͑c͒ is a mixed line shape with Gaussian and Lorentzian lines.
The g values of the decomposed sharp and broad ESR peaks were 2.002 63 and 2.002 49, respectively. These values are nearly same with the principle g value ͑2.0023͒ in the -electron radicals from the free-spin value. The decomposed ESR linewidths of the sharp and broad ESR peaks were 0.44 G and 21 G, respectively. The ⌬H P-P and g value of the PPy-DBSA samples without the clay was ϳ12 G and 2.00432, respectively.
In the PPy-DBSA/clay nanocomposites, the clay particles are surrounded by the bulky conducting PPy samples. Inside the clay, the PPy-DBSA is intercalated in the nanoscale through an organophilic interaction. The bulky conducting polymer outside the clay particles dominates the macroscopic properties, such as dc , and its temperature dependence. In other studies for the ⌬H P-P and the ESR line shape of the electrochemically or chemically synthesized conducting PPy samples, the ⌬H P-P was 0.1 G-5.7 G at RT with a Lorentzian line shape. [12] [13] [14] The ⌬H P-P of conducting PPy samples varied with the synthetic conditions, such as the kind and the level of dopants used, and polymerization methods. 15, 16 For this study, we synthesized PPy-DBSA/clay nanocomposites through the inverted emulsion polymerization method with the molar ratio of 8:1 of the DBSA dopant to one pyrrole monomer, which was considerably over doped states compared to the other cases. This synthetic condition caused the ESR linewidth to be broadened (⌬H P-P Х12 G for PPy-DBSA samples without the clay and ⌬H P-P Х21 G for PPy-DBSA ones with the clay͒. The extra counter ions from the DBSA dopants enhanced the exchange interaction and dipole-dipole interaction. More broadening of ⌬H P-P of the broad ESR peak in the PPy-DBSA/clay nanocomposites is accounted for by the effect of oxygen of the negatively charged surface of the clay. It has been known that oxygen induces the broadening of ⌬H P-P due to the interaction between polarons and the spins of the triplet state of oxygen. 17, 18 Therefore, we determined that the broad ESR signal, noted as line B in Fig. 2͑c͒ , results from the free spins of polarons in the bulky conducting PPy-DBSA part of the systems, i.e., enclosed the clay particles. We suggest that the sharp ESR peak originates from the weak spin-obit interaction of the polarons of the relatively well-ordered and intercalated PPy-DBSA nanolayers between the clay lamella in the nanocomposites, because it was not observed for the PPy-DBSA samples without the clay. A 1D-like sharp ESR signal had been also reported for the incorporation of PPy into Y-zeolites 19 and the crystalline 1D organic charge transfer salts, such as doped perylene. 20 Figure 3 shows the ⌬H P-P of the decomposed ESR peaks of the systems as a function of temperature ͑T͒ from 4 K to RT. The decrease in the ⌬H P-P of the broad ESR signal of the nanocomposites in the temperature range from 4 K to 10 K is the result of motional narrowing. 21 The ⌬H P-P of the broad ESR signal of the nanocomposite increases monotonically from 10 K to RT, which is from the line broadening due to the strong exchange interaction or spin-orbit interaction. 22, 23 However, the ⌬H P-P of the PPy-DBSA without the clay became saturated above 150 K. The difference in the ⌬H P-P (T) originates from an interaction between the partially negatively charged surfaces outside of the clay lamella and the polarons on the PPy-DBSA in the nanocomposites. The ⌬H P-P of the sharp ESR peak of the nanocomposites was maintained at 0.44 ͑Ϯ0.01͒ G, which is independent of the temperature, as shown in the inset of Fig. 3 . Figure 3͑b͒ shows the temperature dependence of the g values of the decomposed sharp ESR peaks of the nanocomposites and of the PPy-DBSA samples. The g value of the decomposed sharp ESR peak of the PPy-DBSA/clay nanocomposites is 2.002 63 ͑Ϯ0.000 03͒, which is independent of temperature and is close to that of a free electron, while that of the bulk part of the PPy-DBSA samples is 2.004 32 ͑Ϯ0.000 05͒. The spin-lattice relaxation time (T 1 ) and the spin-spin relaxation time (T 2 ) was obtained from the microwave power saturation experiments. 24, 25 From the saturation factor defined as:
the calculated T 1 of both systems with and without the clay is ϳ100 times longer than T 2 . Here, H 1 2 and ␥ are the microwave amplitude and the gyromagnetic ratio, respectively. The T 1 of the sharp ESR signal is ϳ6.5ϫ10 Ϫ7 s, which is longer than that (ϳ2.6ϫ10 Ϫ7 s) of the broad ESR signal. This result suggests that the screen effect due to the DBSA counter ions with a long alkyl chain between the clay and PPy backbone is attributed to the long relaxation time of the localized spins. The polarons of the PPy-DBSA nanolayers between the clay layers were screened from the magnetic interactions such as the spin-orbit interaction, the dipolar interaction between the spins, and the hyperfine interaction, due to the long alkyl chains of DBSA counter ions. Figure 4 shows a comparison of the TGA and DSC curves of the PPy-DBSA and PPy-DBSA/clay samples. The temperature range from 300°C to 500°C is believed to be the result of the decomposition of the PPy chain. The rate of weight loss in the PPy-DBSA sample is higher than that of the PPy-DBSA/clay sample. The peak area of the DSC thermogram suggests that the absorption energy of the PPy-DBSA/clay samples is larger than that of the PPy-DBSA samples. At 650°C, the total weight loss of the PPy-DBSA/ clay samples was ϳ49 wt %, while that of the PPy-DBSA samples was ϳ57 wt %, respectively, i.e., ⌬ (weight loss) Х8 wt %. The results of the TGA and DSC experiments suggest that the thermal stability of the PPy-DBSA/clay nanocomposite system is enhanced due to the effect of the intercalation. Coulomb interactions between the positively charged polymer backbone of the intercalated nanolayer and the negatively charged surface of the clay layers are a key factor for enhancing the thermal stability.
IV. CONCLUSION
Nanocomposites of polypyrrole and Na ϩ -MMT clay doped with DBSA were synthesized using the inverted emulsion polymerization method. A sharp ESR signal with 1D characteristics was observed, which originates from the weak spin-orbit interaction of the intercalated and well-ordered PPy-DBSA nanolayers between the clay layers. We determined that the broad ESR linewidth of the nanocomposites is due to the polarons in the bulky conducting PPy parts enclosed the clay particles. Coulomb interactions between the positively charged polymer backbone of the intercalated PPy-DBSA nanolayers and the negatively charged surface of the clay play an important role in enhancing the thermal stability in the PPy-DBSA/clay samples and enhancing the order of the polymer backbone of the intercalated nanolayer for the sharp ESR peak.
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